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The standard model (SM) contains a source for CP violation, the complex phase of the
Kobayashi-Maskawa matrix [1]. However, it has often been argued that the SM is not able
to explain the observed baryon/antibaryon asymmetry of the universe (see for example [2])
and thus new physics might be expected to show up in CP violating phenomena.
In supersymmetric (SUSY) extensions of the SM, with their much larger particle con-
tent, a considerable number of parameters could in principle be complex and consequently
CP violation phenomena dier considerably from SM expectations [3]. It is therefore not
surprising that the study of CP violation in the minimal supersymmetric extension of
the standard model (MSSM) [4] or its constrained version (sometimes called CMSSM or
mSUGRA in the literature) has received quite some attention recently [5, 6].
The new phases present in SUSY models, however, can be restricted by existing upper
limits on electric dipole moments [3]. The general consensus is that (at least) one of the
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following three conditions has to be realized: (i) The phases are severely suppressed [7].
(ii) Supersymmetric particles of the rst two generations are rather heavy, with masses of
the order of a few TeV at least [8]. (iii) There is a rather strong correlation between phases
[9], leading to a cancellation of the dierent SUSY contribution to EDMs

.
Far less work, however, has been devoted up to now to CP violation in supersymmetry
with broken R-parity (R
p
= ) [10]. R-parity breaking implies a violation of either lepton or
baryon number. It is phenomenologically unacceptable that both types of terms are present
[11]. We will discuss only the lepton number violating terms in the following, because we
focus on connections to neutrino physics.
R-parity can be broken by bilinear and by trilinear terms. If both types were present
up to (36 + 3)  2 new parameters appear in the theory, all of which could be complex.
A priori one could therefore expect that CP violating phenomena dier considerably from
both the SM as well as the MSSM.
Electric dipole moments do not constrain in a signicant way the phases of either
trilinear or bilinear terms individually, essentially since the leading contributions to the
EDMs occur only at 2-loop level, if either only trilinear or only bilinear terms are present
[12].
y
If both types of R-parity breaking terms were present contributions to EDMs
appear at 1-loop level [13] and thus the imaginary part of a certain product of bilinear and
trilinear terms is more tightly constrained. However, even in the latter case the limit is not
especially strong, considering the typical size of R-parity violating parameters expected
from neutrino physics. It is thus fair to say that very little is known currently about the
phases of R-parity breaking parameters.
In this paper we study CP violation in SUSY with bilinear R-parity breaking, focusing
mainly on aspects of those phases which are not present in the MSSM. The assumption of
having only bilinear R-parity violation reduces the number of new phases to only six, as
will be discussed in more detail later in the paper.
Studies of bilinear R-parity breaking SUSY at this moment are mainly motivated
by the recent discoveries in neutrino physics. Observations of atmospheric neutrinos by
the Super-K collaboration [14] have conrmed the decit of atmospheric muon neutrinos,
especially at small zenith angles, and thus strongly point to non-zero neutrino masses and
mixings. The preferred range of oscillation parameters from atmospheric neutrino data is

















Also the long-standing solar neutrino problem now provides strong evidence for neutrino
avour conversion, especially considering the recent measurement of the neutral current
rate for solar neutrinos by the SNO collaboration [16]. If interpreted in terms of neutrino

The correlation \solution" is somewhat debated, see for example [7].
y
1-loop contributions are proportional to the neutrino mass, see the rst paper in [12].
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, with a strong



















This nicely conrms earlier hints found in Ref. [18].
Calculated at the 1-loop level [19, 20], SUSY with bilinear R-parity breaking can
explain the solar and atmospheric neutrino data [20]. However, [19, 20] considered only
real parameters and thus were not concerned about possible CP-violating eects.
We will essentially follow [20], extending the calculation to the complex case. In the
next section we will give mass matrices and the Higgs potential of the model. In Section
3 we will discuss the constraints on the various phases of the model implied by current
neutrino data. Section 4 will discuss possible CP-violating observables, before we close
with a short conclusion.
2. The Model
2.1 Superpotential and soft SUSY breaking



































































where i; j = 1; 2; 3 are generation indices, a; b = 1; 2 are SU(2) indices, and " is the
completely antisymmetric 2 2 matrix, with "
12
= 1. The symbol \hat" over each letter
















being SU(2) doublets with hypercharges
1
3



















are 3 3 Yukawa matrices, and
 and 
i
are parameters with units of mass.








































































































































































In the following we assume that there is no intergenerational mixing in the soft terms. Let
us rst list the parameters which may be complex in the model dened by Eq. (2.1) and















































































































in Eq. (2.2). This means,






















As mentioned no restrictions on the size of the phases in Eq. (2.3) exist; they can be O(1).
At this point it is appropriate to note that not all of the phases quoted above have
a physical meaning. Any two of these CP{odd phases may be eliminated by employing




, respectively. We will use this
phase freedom later on to remove two unphysical phases.
2.2 Scalar potential
Next we consider the scalar potential and derive the tadpole equations. The scalar potential





































) elds are complex in general. In order to determine the ground










































































are positive, and we have set the phase of H
u
to zero since only relative
























































































































































































































































































































































































































































































































































where the repeated index i implies a summation over i = 1; 2; 3.
It was shown in Ref. [21] that spontaneous CP violation does not occur in this model
with v
i











0; , the vevs are complex in general, as can be seen from Eq. (2.7).
2.3 Scalar mass matrices
With the solutions to Eq. (2.6) and (2.7) we can give the mass matrices of the matter


































]. The mass matrix in Eq. (2.8) can be









































. The scalar{scalar block M
2
SS




be found in Ref. [20] for real parameters. They are valid also for the complex case after
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where we have used the shorthand notation: s
 



































Eq. (2.7) together with Eq. (2.11) shows that scalar{pseudoscalar Higgs transitions
appear already at tree{level, contrary to the MSSM where this is possible only at one loop
level. However, considering the typical size of the R
p





[20], such a transition has to be expected to be rather small.
2.4 Neutralino{neutrino mass matrix






























































































































































































































where (i = 1;

; 3) for the neutrinos, and (j = 1;

; 4) for the neutralinos. The method
of perturbative diagonalization of M
0
presented in [23] holds also in the general case of a


























































As a result, for a realistic description of the neutrino spectrum one has to improve the
calculation to 1-loop order.
A complete list of 1-loop contributions can be found, for example, in [20]. For our
purposes it is suÆcient to consider only the
~
b   b loop, which gives in a wide range of
parameter space the most important contribution to the neutrino masses. The 1-loop

























































is the mixing angle and '
~
b



















. The corresponding mixing matrix is N
1
, and






The CP violating Dirac phase Æ entering the oscillation formula can be extracted by


























































the quantity in the denominator of Eq. (2.20) is one of six equivalent representations of the
Jarlskog invariant in the neutrino sector.
3. Neutrino data and CP violating phases
3.1 Analytical discussion
Data from neutrino oscillation experiments require that the bilinear R-parity breaking
parameters must obey certain conditions [20]. As briey discussed in the introduction,
atmospheric neutrino data requires m
2
Atm


































excluded at present, but are strongly disfavoured after the SNO neutral current measurement, see for
example [24].
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Since, as explained above, at tree level the model has only one non-zero mass eigenstate,

















relative importance of the one-loop mass with respect to the tree-level mass in our model.






' 0:1 (in case of the LMA solution) implies that the terms






     '

  < O(10
 2
) : (3.1)
This observation reduces the eective number of free phases in the bilinear model from six
to three, as we will now demonstrate.
The phases 
i
have to obey the tadpole equations Eq. (2.7) for an arbitrary set of input





     '























) = 0 ; i = 1; 2; 3 (3.2)
where the equation for  is just the well-known MSSM relation. To nd the correct min-


















modulo 2, which means that the number of indepen-
dent phases is reduced to three. This leads immediately to the important result that the
scalar{pseudoscalar mixing vanishes. This can be read of directly from Eq. (2.11) since
every single term is zero in this limit.
Atmospheric neutrino measurements provide an additional constraint on the bilinear






























We will investigate below to which extent Eq. (3.3) has to be satised numerically.
3.2 Numerical discussion
Before we describe our numerical analysis we specify the parameters. We remove two
unphysical phases by applying the Peccei{Quinn symmetry U(1)
PQ
and the R symmetry
U(1)
R
. We choose '
B
= 0 and '

= , and set all other phases of the MSSM part





randomly in the range [ ; ], and use
the stationary conditions Eq. (2.7) to solve for the phases '
B
i
. In order to reduce the
number of parameters, the numerical calculations were performed in a constrained version
of the MSSM. We have scanned the parameters in the following ranges: M
2
2 [0; 1:2] TeV,
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jj 2 [0; 2:5] TeV, m
0








2 [ 3; 3] and tan 2 [2:5; 10]. All
randomly generated points were subsequently tested for consistency with the stationary
conditions Eq. (2.6) and (2.7).
Next we consider to which extent the correlations (3.1) have to be obeyed. With





= 0 modulo 2. We study the
















j . 5 10
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As has been pointed out previously, M
SP





= 0. Even if this
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condition is not exactly fullled scalar{pseudoscalar Higgs mixing can be neglected in







. In the sneutrino sector the situation may be
sligthly dierent. Recall that in the MSSM the sneutrino is a complex scalar eld. R
p
=
splits <e(~) and =m(~) by a small amount in each generation. Let us denote the associated




are nearly degenerate large scalar{pseudoscalar mixing







. To demonstrate this feature, let us
consider the third generation ~
1;2















= 0. The interaction is













































































. For the light (dark) points the




















j). As can be seen,
























































system. For a discussion
see text.
4. Observables
In this section we discuss possible CP{odd observables arising due to the new phases in
bilinear R-parity violating couplings. Recall that these R
p
= couplings are typically two to
three orders of magnitude smaller than the R parity conserving couplings if neutrino data
are to be explained by R-parity violation. This already implies that CP violating eects
induced by R-parity violating parameters can at most be seen in LSP decays, because in
all other cases either the R-parity violating branching ratios are very small or the loop
contributions due to the R
p
= couplings to R-parity conserving decay modes are tiny.
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In the following we will discuss various possibilities for the LSP: sfermions, neutralino
and chargino. Here we will focus on observables arising in two{body decays of the LSP,
which are either rate asymmetries or helicity asymmetries. Note that the assumption of
two{body decays is well motivated by the fact that LEP has not found any supersymmetric
particle which gives a lower bound on SUSY particle masses of order 100 GeV.
Let us rst discuss a necessary condition whether a CP asymmetry is observable or not
before considering the dierent LSP classes. The relevant quantity to decide whether an







is the CP asymmetry
and B is the branching ratio of the decay considered. If we assume rather optimistically
that order 10
6









We want to recapitulate here, that in order to construct a rate asymmetry one needs
nal{state interactions, otherwise partial decay rates are equal due to CPT invariance even
if CP is violated. The rate asymmetry is then built through an interference of tree{level
amplitudes and one{loop amplitudes where a pair of intermediate particles in the loop
is on{shell. Subsequently we will discuss various one{loop diagrams giving rise to CP
asymmetries.
4.1 Sfermion LSP
Consider rst the case were a squark is the LSP because here the discussion is rather






. The relevant diagrams contributing
to possible CP asymmetries are shown in Fig. 4: a) self energy diagrams and b) vertex
diagrams. It is obvious from this gure that in both cases all three couplings involved violate

































































Figure 5: a) and c) Self energy diagrams and b) and d) vertex diagrams contributing to CP
asymmetries of slepton decays.
For a charged slepton (
~
`) LSP the possible nal states are qq
0


























In this case diagrams similar to those shown in Fig. 4 with appropriate replacements
contribute. For the same reasoning as given above for the squark case their contribution
is small. In addition to these diagrams one nds diagrams involving a W{boson and the
corresponding ones where the W{boson is replaced by a charged Higgs boson as shown
in Fig. 5. As can be easily shown the diagrams involving a W{boson are suppressed due
to the small fermion masses involved. In case of a self{energy contribution with a top









. For the charged Higgs boson the situation is a little bit more subtle, because
in the corresponding diagram of Fig. 5c the contribution with top/bottom quarks can be

































) are the R
p
= and CP violating left and right (left) coupling of the
~
` to tb






















 + h:c: (4.3)
where P
L;R
= 1=2(1  
5
). The couplings can be found in [25]. In principle large tan
may lead to a large CP asymmetry if ` =  . However, for large values of tan the 1-loop
contributions to the neutrino masses tend to be too large. For this reason we have not







), satisfying at the same time the constraints
from neutrino physics.
Let us now turn to the case where the sneutrino is the LSP. It can be shown on general
grounds that the mass splitting between <e(~) and =m(~) is very small if the Majorana
mass of the corresponding neutrino is tiny [26]. Taking the known neutrino data into
account this implies that in our case the CP-even/CP-odd mass splitting between <e(~)
and =m(~) is typically of order eV and thus negligibly small. In the case of CP violation the






. As a possible CP sensitive observable















































where ` = ; ; e, and we sum over the two (nearly) degenerate sneutrino states, because
they can not be resolved experimentally.
The same classes of diagrams appear as in the case of the charged slepton decays
discussed previously. The dominant diagrams are now the self{energy diagrams with a
bottom quark in the loop, see Fig. 6. The contributions where a Z is exchanged in the








. The contribution in Fig. 6a can be
substantial for large values of tan . However, as was mentioned, this in turn tends to
drive the 1-loop contribution to the neutrino masses to be too large. Moreover, there is




cancellation can be seen from Fig. 7 for ~
i

where the dark points represent the result for
i = 1 in Eq. (4.4), whereas for the light points the two contributions are summed up.
For ~
e



























































as a function of m
~

where the dark (light) points represent the result without








is the LSP the decay modes may be ~
0
1
! fW`; Z; hg. As an example we


























































































j. This implies that nal state interactions between
W` and Z will not contribute signicantly to the CP asymmetry in Eq. (4.5). As the













Figure 8: Dominant Feynman diagram for the absorptive part of the amplitude ~
0
1





contribution where the W
+
is replaced by the charged Higgs H
+
, is suppressed due to
the Yukawa coupling and therefore not relevant. Setting small lepton masses to zero,








Appendix). Since only the left coupling O
`w
L






























































































The full form of the left and right couplings can be found in [20, 25]. Scanning the param-
eters over the parameter ranges as described in the previous section we nd that the left
















Therefore, similar to the neutralino we will consider only a nal{state interaction between
Z` and h`. The dominant Feynman diagram is displayed in Fig. 8, while the calculation
is given in the Appendix. The result of a numerical scan is shown Fig. 9a and b where we
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as a function of a) m







as a function of m

and of the modulus of the Dirac phase jÆj dened in





for ` = e; for ` = ;  the result is similar.









Supersymmetric models with bilinear R-parity breaking contain six new phases compared
to the MSSM. These phases are currently only constrained by neutrino data. We have
found that neutrino physics requires that the phases in the R
p







, but are otherwise not necessarily small. This in turn implies that
scalar{pseudoscalar mixing is vanishingly small even though the phases may be maximal
CP violating. The only exception is if a CP{even and a CP{odd state are nearly degenerate,
in which case the mixing between these two states can be large.
We have discussed CP asymmetries in the decays of various possible LSPs and con-
{ 16 {
cluded that all of them are unmeasurably small. Although we have considered only one
class of CP violating observables, namely rate asymmetries, we conjecture that also other
CP odd observables are to small to be measurable.
On the other hand, the neutrino oscillation Dirac phase Æ is not necessarily small if
bilinear R
p
= parameters are complex. This implies that possibly the only way to determine
whether the R
p
= parameters are complex is to measure CP violation in neutrino oscillations
themselves.
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6. Appendix
Here we outline the calculation of the rate asymmetry for neutralino and chargino decay.









j the dominant one{loop amplitude, corresponding to the Feynman
diagram in Fig. 8, has the same generic structure for chargino and neutralino decays. For
the decay ! `
 












































































] for chargino [neutralino] decay. The subscript V stands for the
appropriate vector boson and  for the appropriate SUSY particle, respectively. The tree{










































































































































































































where v = 2m
W
=g and  denotes the step{function. From the last line in Eq. (6.3) we can







j. For the chargino decay this relation is reversed, as was mentioned above.
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